A thermostable aminopeptidase, called aminopeptidase T, from the extract of Thermus aquaticus YT-1 was purified and characterized. The enzyme had a dimeric structure, its relative molecular mass being 108,000 by gel filtration, and 48,000 by SDS-PAGE. The optimum pH of the enzymeactivity was in the range of 8.5 to 9.0. The enzymewas significantly thermostable as it still retained 60%of its original activity even after heat treatment for 20 hr at 80°C. The enzyme activity was inhibited by metal-chelating agents. The enzyme had a low substrate specificity.
Thermophilic bacteria usually have thermostable enzymes. These enzymes are specially interesting to many scientists regarding the relationship between thermostability and structure, and the application in biotechnology in stable bioreactors.1~5) Thermus is the most thermophilic of the group of extremely thermophilic bacteria.5'6) Their enzymes such as peptidases (proteases) are extremely thermostable. For example, endopeptidases produced by Thermus caldophilus GK24,7'8) Thermus aquaticus YT-1,6'9) and Thermus T-3511O) have been isolated, and their high thermostability was demonstrated.
However, no exopeptidases, either aminopeptidases or carboxypeptidases, have been obtained from extremely thermophilic bacteria.
We assayed the hydrolytic activity of thermostable aminopeptidase and carboxypeptidase in a cell-free enzyme extract of extremely thermophilic bacteria, and confirmed that a high level of activity was found in strain T. aquaticus YT-1.
In this paper, we describe the purification of 1755 the thermostable aminopeptidase (aminopeptidase T) from strain T. aquaticus YT-1, and characterize its structure and properties.
MATERIALS AND METHODS

Reagents.
Hydroxyapatite was purchased from Seikagaku-Kogyo Co., Tokyo, and DEAE-Sephacel, Sephadex G-150, and Sephadex G-200 from Pharmacia Fine Chemicals, Uppsala. Amastatin, bestatin, Gly-Phe, cells in the stationary phase were harvested by centrifugation and stored in a freezer at -20°C until use. These frozen cells were resuspended in 0.05 m sodium phosphate buffer at pH 7.0 (a 10% suspension w/v), and then sonicated for 30min in a sonifier (Toyoriko, Tokyo, type N-50-6, 100W, 10kV) at approximately 10°C. The disrupted cells were collected by centrifugation (35,000 x g for 20min) at 4°C, before the supernatant was dialyzed against the buffer already described.
Protein assay. The protein concentration of the column eluates was monitored by measuring the optical density at 280nm,protein concentration of the enzymesolution and other proteins being measured by the method of Lowry et al}2) using bovine serum albumin as the standard. Sequence analysis. The amino-terminal sequence of the native enzyme was identified in a 470Aprotein sequencer (Applied Biosystems Co.).
Purification of the aminopeptidase.
Step 1. 56.1g of solid ammoniumsulfate was added to 100 ml of cell-free enzyme extract. After incubating for 30 min, the precipitate was collected by centrifugation at 10,000 x g for 30min and then dissolved in 0.01 M sodium phosphate buffer at pH 7.0. The solution was dialyzed against the same buffer for 24hr.
Step 2. The dialyzed enzyme fraction (140ml) was put on a column (2 x 50cm) of DEAE-Sephacel that had been equilibrated with 0.01 m sodium phosphate buffer at pH 7.0. The enzymefraction was eluted by a linear gradient of sodium chloride concentration from 0.1 m to 0.6m in the same buffer (1,000ml). The eluate was collected in 10-ml portions. The fractions from no. 33 to 46 (140ml) were found to contain aminopeptidase activity for Ala-2-NAor
Val-Gly-Gly. These active fractions were combined and dialyzed against 0.01 m sodium phosphate buffer at pH 7.0.
Step 3. The enzyme solution (70ml) eluted from a DEAE-Sephacel column was put on a column (1.5x 15cm) of hydroxyapatite that had been equilibrated with 0.01m sodium phosphate buffer at pH 7.0. The enzyme was eluted by a linear gradient of sodiun phosphate concentration from 0.01 M to 0.4m at pH 7.0. The eluate was collected in 5-ml portions. Aminopeptidase activity was found in the fractions from no. 28 Filter GmbH)to 3ml, and then dialyzed against 0.01 m sodium phosphate buffer at pH 7.0. The concentrated enzyme solution was separated by a Sephadex G-150 column (2 x 55cm) in 0.01 m sodium phosphate buffer at pH 7.0. The flow rate was lOml/hr and the eluate was collected in 5-ml portions. Aminopeptidase activity was found in the fractions from no. 19 to 25 and these were collected.
Step 5. The enzyme solution (32ml) eluted from a Sephadex G-150 column was put on a column (1.5x 12cm) of DEAE-Sephacel, which had been equilibrated with 0.01 m sodium phosphate buffer at pH 7.0. The enzyme was eluted by a linear gradient of sodium chloride concentration from 0.1m to 0.4m in the same buffer (400ml).
The eluate was collected in 5-ml portions.
Aminopeptidase activity was eluted in the fractions from no. 36 to 39 and these were combined. The enzyme solution (19ml) was dialyzed against 0.01 m sodium phosphate buffer at pH 7.0 and then concentrated in a collodion bag.
Step 6. Final purification of the enzyme was achieved by disc-PAGE. The protein (200/ig/gel) obtained by a DEAE-Sephacel column was added on the top of the gel, and electrophoresis was done at 4°C for 2hr. The gel was cut into 2-mmslices for enzyme assay at pH 7.0. Those fractions having a hydrolysing activity on Ala-2-NA or Val-Gly-Gly were collected and dialyzed against 0.01 m sodium phosphate buffer at pH 7.0, this aminopeptidase solution being used for the subsequent experiments.
RESULTS
Purifica t ion
A typical purification procedure is summarized in Table I . The enzyme was purified about 640-fold over the cell-free enzyme extract, the activity yield being about 35% in the case when Ala-2-NA was used as the substrate. The purity of the enzyme was confirmed by disc-PAGE. The protein (20 /ig/gel) was put on top of the gel and a constant current of 3mA per gel was applied at 4°C for 2hr. Twogels were used for electrophoresis, one was stained with Coomassie blue R-250, the other sliced into disks 2mm thick. The sliced discs were 1757 soaked overnight in 1ml of 0.05m sodium phosphate buffer (pH 7.0) at 4°C, and each extract solution was dialyzed against the same buffer. Figure 1 shows the disc-PAGE pattern of the enzyme and the activity in the gel slices. The enzymeshoweda single band and enzyme activity was detected at the same position.
Molecular weight and subunit structure The relative molecular weight of aminopeptidase T was estimated by gel filtration and SDS-PAGE. A relative molecular weight of 108,000 was calculated from the gel filtration data, and 48,000 by SDS-PAGE (data not shown). These results indicate that aminopeptidase T was a dimeric protein.
Amino acid composition
The amino acid composition of aminopeptidase T is shown in Table II . Neglecting the contribution of tryptophan and assuming a monomericmolecular weight of 48,000, the molar ratio (%) for each amino acid and the nearest integer as the number of amino acids in a monomerchain are shown in Table II. Amino-terminal sequence Figure 2 shows the N-terminal sequence of the native aminopeptidase.
The N-terminal sequence of the enzyme was deduced to the Table I . Purification of Aminopeptidase T from T. aquaticus YT-1 Details of the purification procedure and measurement of enzyme activity and protein concentration are given in Materials and Methods. 1 unit ofAla-2-NA: 1 /imol of /?-naphthylamine/min (pH 9.0 at 80°C); ValGly-Gly: ninhydrin-positive substance corresponding to 1 /miol of L-Leucine/min (pH 9.0 at 80°C).
Ala-2-NA
Val-Gly-Gly
Step of Optimum pH and pH stability The optimum pH was measured at 70°C with Ala-2-NA and Val-Gly-Gly, using buffers from pH 5.0 to 10.0. The buffers used were 0.05m sodium citrate for pH 5.0 to 6.0, 0.05m sodium phosphate for pH 6.0 to 8.0, 0.05m Tris-HCl for pH 8.0 to 9.0, and 0.05m sodium borate forpH 9.0 to 10.0. The optimumpH for aminopeptidase activity was between 8.5 and 9.0 (data not shown).
The enzyme was stable for 60min at 25°C in 0.05m Tris-HCl buffer at pH 7.0-9.5, and its hydrolytic activity was completely stable for at least 180 days at 4°C in 0.05m Tris-HCl buffer, at pH 7.2 (data not shown). 
Optimumtemperature
The activity was measured from 30°C to 95°C with 0.05m Tris-HCl buffer at pH 8.5 using Ala-2-NA and Val-Gly-Gly as substrates. The results are shown in Fig. 3 . The optimum temperature was from 75°C to 80°C 
Effects of metal ions and reagents
The effects of some metal ions on the aminopeptidase activity was examined using Ala-2-NA and Val-Gly-Gly as the substrates. The results are shown in Tables III and IV. Aminopeptidase T was not affected by Co2 + or Mg2+. It was weakly inhibited by Cu2+ and Ca2+, and strongly inhibited by Fe2+, Sn2+, Zn2+, and Mn2+ (Table III) . After the enzyme had been inactivated by the addition of EDTA (to a final concentration of 1 him), the enzyme solution was dialyzed against 0.05 m Tris-HCl buffer at pH 8.5 which contained the metal ions. The aminopeptidase activity was restored by adding Co2+ or Mg2+ (Table IV) . Co2+ caused more than 100% recovery of the original activity.
The effects of some reagents on the aminopeptidase activity was also examined using the same substrate, the results being shown in After treating with 1 mMEDTAat 20°C and dialysis against at 0.05m Tris-HCl buffer (pH 8.5) at 5°C, the enzyme activity was measured in the same way as that described in Table III Similar experiments were done using various denaturing agents (Table V) . Aminopeptidase T was strongly inhibited by 5% ethanol, 0.07% SDS, 0.5 m guanidine hydrochloride, and 1 m urea.
Thermos tability
The thermostability of aminopeptidase T is shown in Fig. 4 . The thermostability was first examined by heating the enzyme at 80°C, at a protein concentration of 0.45 /ig/ml, in 0.05 m Tris-HCl buffer at pH9.0, the enzyme activity being measured at 70°C with Ala-2-NA as a substrate. Approximately 40%of its activity was lost when it was heated at 80°C for 4hr.
In the second experiment, the enzyme (20 jug/ml) was heated in 0.05 m Tris-HCl buffer at pH 7.2 at 80°C. The activity was measured at 70°C with Leu-4-NA at pH 8.5. The enzyme retained 60% of its original activity after heating for 20hr, 20% of the activity 
Table VI. Effects of Metal Ions on the
Thermostability of Aminopeptidase T After incubating with 1 mMEDTAat 20°C for 60min and dialyzing against 0.05 m Tris-HCl buffer (pH 7.2) at 5°C, the dialyzed enzyme solution was incubated with 1mMof each metal ion at 20°C for 30min and then heated at 80°C for 20hr. Enzyme concentration on heat treatment:
10/ig/ml; activity: hydrolysis of Leu-4-NA (2.5x 10"4m) for 30min in 70°C; enzyme cone: 1^g/ml in 0.05m Tris-HCl buffer at pH 8.5. remaining after heating for 40 hr.
Metal ion
The relationship between the thermostability of the enzyme and metal ions was investigated, usingCo2+, Mg2+, Cu2+, and Ca2+ metal ions. The enzyme, after being incubated with 1mMEDTAfor 60min, was dialyzed against 0.05m Tris-HCl buffer at pH 7.2 for 24hr. The dialyzed enzyme solution was then incubated with each metal ion to give a final concentration of 1 mM,before being heated at 80°C for 20hr. The enzyme activity after heat treatment was assayed using Leu-4-NA as a substrate, giving the results shown in Table   VI .
Kmand V values
The kinetic constants for the hydrolysis of Ala-2-NA were calculated from measurements Table VII . Relative Activity of Aminopeptidase T for Various Synthetic Peptides Hydrolysis of various substrates was for 30min at 70°C in 0.05m Tris-HCl buffer at pH 8.5. Substrate concentration of peptides, 5x 10"4m; X-2-NA, 10~3m; X-4-NA, 2.5x 10~4m. Enzyme concentration of peptides, 2.5 /ig/ml; X-2-NA, 1.3 /ig/ml; X-4-NA, 1.9 /ig/ml. The rate ofGly-Phe-Ala, Leu-2-NA and Leu-4-NA hydrolysis are taken as 100. Substrate specificity
The hydrolytic activity of aminopeptidase T on various peptides was examined. Aminopeptidase T, purified and characterized, was homogeneous by disc-PAGE (Fig.  1) . The high purity was also confirmed by the amino-terminal sequence analysis. The aminopeptidase T purified from T. aquaticus YT-1 had a dimeric structure, its relative molecular weight being 108,000 by gel filtration. This molecular weight is similar to those of the unstable aminopeptidase II22~24> and III22 25) isolated from B. stearothermophilus, but different from those obtained with thermophilic aminopeptidase I26~28> and others.29) The enzymeactivity was completely inactivated by EDTAor 1,10-phenanthroline (Table   V) . This suggests that the aminopeptidase is a metal-dependent aminopeptidase because it required Co2 + for maximumactivation and was completely inhibited by metal-chelating agents. Metal ions possibly contribute to the formation of an active center with aminopeptidase. On the other hand, metal ions are known to contribute to the formation of a thermostable structure in enzymes,1'30) so it is uncertain whether metal ions at an active center contribute to the thermostability of enzymes or not.
The activity was inhibited by various denaturing agents (Table V) , but the proteases of thermophilic bacteria are usually resistant to denaturing agents.8 31 32) This suggests that the mechanismfor thermostabilization in our aminopeptidase T was different from those of the proteases just referred to.
The optimum temperature of aminopeptidase T was from 75 to 80°C (Fig. 3) , and it was significantly thermostable as it still retained about 60%of its original activity even after heat treatment for 20hr at 80°C (an enzyme protein concentration of 20/ig/ml at pH 7.2) (Fig. 4) . On the other hand, the B.
stearothermophilus thermophilic aminopeptidase I retained 35% of its original activity after heat treatment for 1 hr at 80°C in a buffer the constituents of which were similar to those of our buffer.33) Kmvalues and V values were measured at four different temperatures using Ala-2-NA as a substrate (Fig. 5) . Vincreased with a rise of temperature, while Kmwas only slightly affected by temperature. It is likely that the binding affinity between the enzymeand substrate was not affected by temperature, but that certain groups which are important in the catalytic step at the active center converted to more favorable positions at higher temperatures.
There is a hypothesis34) that more Arg, Glu, Ala, and Thr are found in thermophilic proteins than mesophilic proteins. Howeverthese tendencies could not be observed in our enzyme. Hence, this hypothesis can be excluded in the case of our aminopeptidase T.
Wefound the amino acid sequence up to 40 from the N-terminal of the enzyme (Fig. 2), and have surveyed the homologoussequences in proteases and other proteins. However, we failed to discover any homologous sequences in the protein data base of the National Biomedical Research Foundation, Washington, D. C. The aminopeptidase had higher thermostability in a crude enzyme solution than in a purified form (data not presented here). This suggests the existence of a protective factor, which increased the thermostability of the aminopeptidase. Wewill attempt to discover the factor, and details will be presented elsewhere. Webelieve that this factor will contribute to a better understanding of the thermostability of the aminopeptidase.
In conclusion, the thermostable aminopeptidase (aminopeptidase T) described here, despite the detailed mechanism for thermostability and the physiological role of the enzyme still remaining unresolved, could offer interesting possibilities for industrial application.
